1 kohlrabi (Brassica oleracea var. gongylodes) mirrors resistant plants 2 3 Abstract 15
phenotypic changes. While some roots remain uninfected, others develop galls of 20 diverse size. The aim of this study was to analyse and compare the intra-plant 21 heterogeneity of P. brassicae root galls and symptomless roots of the same host plants 22
(Brassica oleracea var. gongylodes) collected from a commercial field in Austria using 23 transcriptome analyses. 24
Results: Transcriptomes were markedly different between symptomless roots and gall 25 tissue. Symptomless roots showed transcriptomic traits previously described for 26 resistant plants. Genes involved in host cell wall synthesis and reinforcement were up-27 regulated in symptomless roots indicating elevated tolerance against P. brassicae. By 28 contrast, genes involved in cell wall degradation and modification processes like 29 expansion were up-regulated in root galls. Hormone metabolism differed between 30 symptomless roots and galls. Brassinosteroid-synthesis was down-regulated in root 31 galls, whereas jasmonic acid synthesis was down-regulated in symptomless roots. 32 Cytokinin metabolism and signalling were up-regulated in symptomless roots with the 33 exception of one CKX6 homolog, which was strongly down-regulated. Salicylic acid 34 (SA) mediated defence response was up-regulated in symptomless roots, compared 35 with root gall tissue. This is probably caused by a secreted benzoic acid salicylic acid 36 methyl transferase from the pathogen (PbBSMT), which was one of the highest 37 expressed pathogen genes in gall tissue. The PbBSMT derived Methyl-SA potentially 38 leads to increased pathogen tolerance in uninfected roots. 39
Conclusions: Infected and uninfected roots of clubroot infected plants showed 40 transcriptomic differences similar to those previously described between clubroot 41 resistant and susceptible hosts. The here described intra-plant heterogeneity suggests, 42 that for a better understanding of clubroot disease targeted, spatial analyses of clubroot 43 infected plants will be vital in understanding this economically important disease. 44 45
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accounting for approximately 10% loss in Brassica vegetable, fodder, and oilseed crops 63 (Dixon, 2009 ). Clubroot is caused by Plasmodiophora brassicae, an obligate biotrophic 64 protist, taxonomically belonging to Phytomyxea within the eukaryotic super-group 65
Rhizaria (Bulman and Braselton, 2014; Neuhauser et al., 2014) . This soil borne 66 pathogen has a complex life cycle: zoospores infect root hairs where primary plasmodia 67 form. These plasmodia develop into secondary zoospores, which are released into the 68 soil and re-infect the root cortex where secondary plasmodia develop (Kageyama and 69 Asano, 2009). The secondary plasmodia mature into resting spores, which are released 70 into the soil. In infected host tissue division and elongation of cells is triggered upon 71 infection, which leads to hypertrophies of infected roots resulting in the typical root 72 galls or clubroots ( Fig. 1 while an early response to P. brassicae infection was up-regulation of the 106 phenylpropanoid pathway that provides lignin precursors . With 107 progression of clubroot development, the lignification of clubroot tissue was reduced 108 (Deora et al., 2013) and genes involved in lignification processes were down-regulated 109 (Cao et al., 2008) . On the other hand cell wall thickening and lignification was 110 suggested to limit the spread of the pathogen in tolerant B. oleracea (Donald et al., 111 2008) and B. rapa (Takahashi et al., 2001 RNA extraction and sequencing 195
The outer layer of the root galls was trimmed-off and the trimmed galls and 196 symptomless roots were snap-frozen in liquid nitrogen and transferred to 1.5 mL tubes 197
containing RNase free zirconia beads (0.5 mm and 2 mm in diameter 
Results

260
Transcriptome analyses 261
In total 162 million good quality reads with an average length of 125 bp were obtained 262 from all libraries (Additional file 2: Table S1 ). A total of 10940 genes including 263 isoforms were predicted for P. brassicae and 42712 for B. oleracea. About 50% of the 264 P. brassicae and 85% of the kohlrabi transcripts could be functionally annotated using 265 eggNOG-mapper. Only 0.0005% of the reads of the control plant (C) and the 266 symptomless root samples (SL) matched P. brassicae transcripts, which indicates that 267 these roots were not infected by P. brassicae. In the white spindle galls (WG) and 268 brownish spindle galls (BG) libraries 23% and 33% of the reads matched P. brassicae 269 (Additional file 1: Figure S1 ). 270 271
The cell wall reinforcement were up-regulated in SL compared with gall tissues (Fig. 3) , 292
whereas genes involved in cell wall modification and degradation were down-regulated 293 (Fig. 3) . The changes in expression of cell wall genes were more prominent between 294 SL and BG than between SL and WG. In SL a UDP-D-glucuronate 4-epimerase 6 295 (GAE6) homolog responsible for the synthesis of UDP-D-glucuronic acid, the main 296 building block for pectins (Harholt et al., 2010) was up-regulated compared with gall 297 tissue. Predicted expansin (EXP) and expansin-like (EXL) genes were mainly down-298 regulated in SL compared with WG and BG (Fig. 3) . Genes coding for XTHs were 299 among the strongest down-regulated DEGs in SL, with XTH24 being the strongest 300 down-regulated transcript of all DEGs. The phenylpropanoid pathway was up-301 regulated in SL compared with WG and BG (Fig. 3) . This includes the phenylalanine 302 ammonia-lyase 1 (PAL1) homolog, a key enzyme in lignin biosynthesis. Lignin is also 303 part of the xylem and xylogenesis genes which were up-regulated in SL compared with 304 BG. Flavonoid metabolism was also induced in SL (Additional file 1: Figure S2 ). 305
Compared with an uninfected control plant cell wall synthesis genes were up-regulated 306 in SL (Additional file 1: Figure S3 ). 307 Arabidopsis homologs are given. Genes are annotated and categorized according to 314
MapMan/Mercator. NA: not assigned by MapMan. Supplementary information for the 315 genes including KEGG, eggNog, and TAIR annotation are given in Additional file 3. 316 317
Plant hormones 318
The CK and auxin metabolism was altered in WG and BG compared with SL ( Fig. 4) . 319 So was a homolog of CKX6 (cytokinin oxidase/dehydrogenase 6) down-regulated in 320 SL compared with WG. Homologs of CKX5, CK receptors, and a CK-regulated UDP-321 glucosyltransferase were up-regulated in SL. The CK synthesis genes CYP735A2 322 (cytochrome P450) and LOG1 (lonely guy 1) were up-regulated in SL compared with 323 root galls (Fig. 4) . Down-stream in CK-signalling we found DEGs within ARR 324 (Arabidopsis response regulator; CK-signalling target) genes (Fig. 4) file 1: Figure S4 ). However, an IAA7 (repressor of auxin inducible genes) and a 333 homolog of GH3.2 were down-regulated. Expression of PIN-FORMED 1 (PIN1) genes 334 was reduced in SL ( Fig. 4) , whereas SAUR (small auxin up-regulated RNA) and AIR12 335
(auxin-induced in root cultures protein 12-like) genes, were found in up-and down-336
regulated DEGs (Fig. 4 ). Myrosinases and nitrilases were up-regulated in SL compared 337 with galls (Additional file 1: Figure S5 ). Compared with the unifected control both CK 338
and auxin metabolism were up-regulated in SL (Additional file 1: Figure S3 ). In BG 339 two transcripts related to auxin synthesis and regulation were down-regulated 340 compared with WG (Additional file 2: Table S4 ). 341 342
Early sterol biosynthesis genes, such as the steroid reductase DET2, were up-regulated 343
in SL compared with galls ( Fig. 4 ). However, BR biosynthesis genes were generally 344 down-regulated in SL (Fig. 4) , including key genes like DWF1 (dwarf 1) or BRI1 (BR 345 receptor brassinosteroid insensitive 1). SL compared with root galls (Fig 5) . Expressed genes for disease resistance protein 379 RSP4 were not altered between the tissue types (Additional file 5). Signalling genes 380 encoding for MLO (mildew resistance locus o) and MKS1 (MAP kinase substrate 1) 381
were up-regulated in SL (Fig. 5 ), while no differences in the expression of CHORD or 382 SRFR1 (suppressor of RSP4-RDL1) genes was observed (Additional file 5). Two 383 transcription factors involved in the biotic stress signalling cascade (MapMan bin 384 20.1.5) were up-regulated in SL compared with the root galls ( Fig 5) . MAP3K (mitogen 385 activated kinase kinase kinase) and RSH (RELA/SPOT homolog) genes were not 386 differentially expressed within infected plants (Additional file 5). 387
The BIK1 (botrytis-induced kinase 1), which interacts with BRI1 and BAK1 (BRI1-388 associated receptor kinase) to induce defence responses was up-regulated in SL 389 compared with galls (Additional file 1: Figure S8 ) and up-regulated in SL compared 390 with C (Additional file 1: Figure S3 ). 391 392
In the SL samples JA-related genes such as LOX2 (lipoxygenase 2), AOC (allene oxide 393 cyclase), and HPL (hyperoxide lyase) were down-regulated, while other LOX genes 394 and the JA amido synthetase genes JAR1 were up-regulated in SL compared with galls 395 (Fig. 4) . One down-regulated isoform of JAR1 was found between BG and WG. We 396 found no glucosinolate biosynthesis genes in the DEGs in our study. 397 398
The ICS1 gene and the ICS1 activating transcription factor WRKY28 (van Verk et al., 399 2011) were up-regulated in SL compared with the control plant (data not shown). Genes 400 for SA modification, like the SA methylating SABATH methyl transferase genes 401 (PXMT1, GAMT1) and a SA-glucosidase (UGT74F2) were up-regulated in SL 402 compared with galls (Fig. 4) . The SA induced PR1 gene was induced in SL ( Fig. 5 , 403
Additional file 1: Figure S7 ). The PR-gene expression regulator NPR1 (non-expressor 404 of PR1) was not differentially expressed in our samples. Of genes that regulate PR1 405 expression via NPR1, WRKY70 was down-regulated in SL whereas NPR3 and TGA3 406
were up-regulated ( Fig. 5 , Additional file 1: Figure S7 ). Compared with the uninfected 407 plant, the TGA3 gene expressions appeared to be induced in SL. Genes for the TAO1 408 disease resistant protein, which induces PR1 expression were up-regulated in SL, as 409 well as the NDR1 (non-race specific disease resistance 1) gene, required for the 410 establishment of hypersensitive response and SAR. Genes for the disease resistant 411 protein RPS2, activated by NDR1, were also up-regulated in SL (Fig. 5 , Additional 412 file 1: Figure S7 ). Additionally, other defence related genes coding for protease 413 inhibitor genes, R-genes or some chitinases were down-regulated in SL (Fig. 5) . 414
Comparing biotic stress response genes of SL with the control plant (C), we observed 415 an up-regulation of 164 of the total 190 DEGs in SL (Additional file 1: Figure S3 ). 416 417 Supplementary  424 information for the genes including KEGG, eggNog, and TAIR annotation are given in 425
Additional file 5. 426 427 P. brassicae gene expression 428
The P. brassicae genes with the highest FPKM values belonged to growth and cellular 429 process related COG categories such as translation, transcription, and signal 430 transduction, but also in energy conversion and carbohydrate and lipid metabolism 431 (Additional file 1: Figure S9 ). The P. brassicae PbBSMT gene was amongst the highest 432 expressed pathogen genes (Additional file 2: Tables S7, S8 ). Other highly expressed 433 genes were HSPs (heat shock proteins), a glutathione-S-transferase, an ankyrin repeat 434 domain-containing protein, ribosomal genes, and genes of unknown function 435 (Additional file 2: Tables S7, S8 ). The PbGH3 gene was not expressed in our samples. 436
The P. brassicae protease gene PRO1, proposed to be involved in spore germination 437 (Feng et al., 2010) , was expressed in both WG and BG. 438 439
Between WG and BG samples only five P. brassicae DEGs were identified, coding for 440 a HSP, a chromosomal maintenance protein, a DNA-directed RNA-polymerase, a 441 retrotransposon and a Scl Tal1 interrupting locus protein (Additional file 2: Table S9 ). 442
Cumulating all FPKM values revealed that most sequenced reads from P. brassicae 443 RNA extracted from root galls (WG and BG) mapped to the COG categories "Post-444 translational modification, protein turnover, chaperon functions" and "Translation" 445 (Additional file 1: Figure S10 ). Very few P. brassicae reads were found in the data 446 obtained from the control plant and SL (Additional file 1: Figure S11 ), those were most 447 likely from attached spores or contamination via soil particles. 448 449 450
Discussion
451
Symptomless roots of clubroot infected plants show transcriptomic traits of 452 clubroot resistant/tolerant plants 453 We found that symptomless roots and clubroots originating from the same plant showed 454 differences in their transcriptomic profile similar to previously described differences of 455 roots between resistant and susceptible plants (Chen et al., 2016a; Jia et al., 2017) . Gene 456 expression patterns of symptomless roots were similar to the patterns described for 457 resistant hosts, while in clubroot tissue patterns were similar to those observed in 458 susceptible plants. expression patterns in symptomless roots (Fig. 3) or described for resistant plants 480 (Takahashi et al., 2001; Donald et al., 2008) , requires higher mechanical force for 481 successful (primary) infection of yet uninfected roots or movement in between host 482 cells. Therefore, it is likely that cell wall reinforcement of the host cells is a considerable 483 obstacle for P. brassicae. The result of increased lignification in SL compared with 484 galls could also be the result of repressed xylem development in P. brassicae infected 485
hosts (Malinowski et al., 2012) . 486 487
In symptomless roots of infected plants, defence related pathways regulated by 488 hormones show patterns usually linked to induced plant defence (Fig. 4) . Clubroot 489 tissue on the other hand showed suppression of SA-defence related processes. Genes of 490 SA biosynthesis were up-regulated in SL, but were down-regulated in galls. Salicylic 491 acid can be synthesised via isochorismate (ICS pathway) or from phenylalanine (via 492 PAL pathway) (Pieterse et al., 2012; Lovelock et al., 2016) . The up-regulation of the 493 PAL1 gene in symptomless roots could therefore also be linked to the PAL-dependent 494 synthesis of SA, but the majority of SA in clubroot is produced via the ICS pathway 495 (Lovelock et al., 2016 Processes downstream from SA are mediated via NPR1 (not differentially expressed in 516 our dataset). NPR1 induces PR-gene expression when bound to TGA3 (Saleh et al., 517 2015) . In its interaction with WRKY70, NPR1 serves as a negative regulator of the SA 518 biosynthesis gene ICS1 (Wang et al., 2006) . Thus the observed up-regulation of TGA3 519 in SL (Additional file 1: Figure S7 ) would lead to an induction of expression of PR-520 genes in SL. The reduced expression of WRKY70 in SL compared with the galls would 521 lead to a higher SA production in the uninfected root tissue. Additionally, we found an 522 up-regulation of NPR3 genes, coding for repressors of SA-defence genes (Ding et al., 523 2018), in SL compared with the galls (Fig. 5) . When bound to SA, NPR3 would lose 524 its function of repressing SA-defence genes (Ding et al., 2018) . The higher expression 525 of NPR3 in the SL might be necessary to compensate for negative effects of the SA 526 synthesis in SL roots. 527 528
Jasmonic acid contributed to a basal resistance against some strains of P. brassicae. 529
A. thaliana Col-0 and A. thaliana mutants impaired in JA-Ile accumulation showed a 530 higher susceptibility to P. brassicae (Agarwal et al., 2011; Gravot et al., 2012) . In 531
A. thaliana Col-0 several JA-responsive genes were induced in infected root tissues and 532 JA accumulates in galls (Siemens et al., 2006; Gravot et al., 2012) . But in partially 533
resistant Arabidopsis Bur-0 only weak JA responses compared with the susceptible 534
Col-0 were found (Lemarié et al., 2015) . Those differences might be due to if aliphatic 535 or aromatic glucosinolate production is induced by JA in the particular host (Xu et al., 536 2018) . Generally, clubroot susceptible hosts show a high level of JA response, whereas 537 it is reduced in resistant hosts (Jubault et al., 2008; Bi et al., 2016a) . In our samples, 538 JAZ genes were up-regulated in SL compared with the gall tissue ( Fig. 4) . JAZ proteins 539 act as JA co-receptors and transcriptional repressors in JA signalling (Kazan and 540 Manners, 2012) reducing the JA synthesis in SL. This was previously observed in 541
B. oleracea plants, where JAZ expression was up-regulated in resistant plants and JA 542 synthesis was highly induced in susceptible plants . Among JA-543 metabolism genes HPL, and LOX2 expression were up-regulated in the galls. LOX2 is 544 essential for the formation of oxylipin volatiles (Mochizuki et al., 2016) . The HPL 545 protein competes with substrates essential for JA-synthesis, producing volatile and non-546 volatile oxylipins (Wasternack and Hause, 2013) . The higher expression of HPL and 547 LOX2 in the galls might lead to the production of volatile aldehydes rather than a JA 548 accumulation in the galls. 549 550
In SL BR-synthesis and BR-signalling genes were down-regulated (Fig. 4) . BRs are 551 necessary for the development of clubroot tissue (Schuller et al., 2014) , hence a 552 reduction in BRs impairs P. brassicae growth and development in SL. The receptor-553 like cytoplasmic kinase BIK1, a negative regulator of BR-synthesis (Lin et al., 2013) , 554
was induced in SL (Additional file 1: Figure S8 ). Arabidopsis bik1 knockout mutants 555
have an increased tolerance to P. brassicae lacking the typical pathogen phenotype ( with clubroot development as CKX overexpressing Arabidopsis mutant showed 597 reduced gall formation (Siemens et al., 2006) . In our kohlrabi samples, CKX6 was 598 strongly down-regulated in SL compared with WG but not compared with BG (Fig. 4) . 599
The high expression of CKX6 in WG indicates the presence of plasmodia, as the gene 600 was found to be strongly up-regulated only in cells containing P. brassicae plasmodia 601 (Schuller et al., 2014) . Although AHK4 was described to be highly induced in infected 602
A. thalinana plants 10 dpi (Siemens et al., 2006) , in a different study expression of 603 AHK and AHP genes did not differ between infected and uninfected Arabidopsis at 604 later time points (Malinowski et al., 2016) . Similar to these findings, in our much longer 605 infected kohlrabi plants AHK and AHP genes were not differential expressed between 606 SL and root galls. Expression levels were also very low indicating no major role of 607 those genes in the analysed roots. The ARR5 gene was down-regulated in infected roots 608 and hypocotyl tissues 16 and 26 dpi in A. thaliana (Malinowski et al., 2016) but in a 609 different study ARR5 was up-regulated 10 dpi in infected roots (Siemens et al., 2006) . 610
For Brassica hosts, the expression of ARR5 in clubroot infected roots has not been 611 described. In our samples ARR5 levels increase in BG, but no difference is seen 612
between SL and WG. The ARR5 gene does not appearto have a prominent role at the 613 stage of the here investigated infections. Also. evidence that P. brassicae interferes 614
with the CK balance via the PbCKX of P. brassicae in gall tissues has not been seen in 615 this study as the PbCKX gene was not expressed. 616 617
Myrosinases and nitrilases that can synthesize auxins from secondary metabolites or 618 aromatic amino acids were up-regulated in SL compared with galls (Additional file 1: 619
Figures S6), but were previously reported to be induced in Arabidopsis galls (Grsic-620
Rausch et al., 2000; Siemens et al., 2006) . The auxin-induced GH3 gene family, which 621 conjugates IAA to several amino acids, is involved in various responses of plants to 622 abiotic and biotic stresses. The GH3.2 gene was shown to be specifically expressed in 623 clubroots of Arabidopsis (Jahn et al., 2013) , and was also up-regulated in the kohlrabi 624 galls. Expression of the P. brassicae PbGH3 gene was not detected in this study and 625 appears not to play a role in the auxin (or JA) homeostasis at the stage of our gall 626 samples. 627 628
Besides the described defence responses in SL that are similar to defence responses of 629 resistance plants, we observed up-regulation of other defence related genes in the SL 630 ( Fig. 5 , Additional file 1: Figure S7 ). Homologues of the Arabidopsis Toll-IL-1 631 receptor disease resistance proteins TAO1, NDR1 and RPS2 genes were up-regulated 632 in SL. Those genes confer resistance to biotrophic bacterial pathogens in Arabidopsis 633 when recognizing effectors (Coppinger et al., 2004; Eitas et al., 2008) . In roots of 634 beans, NDR1 also suppressed nematode parasitism by activating defence responses 635 (McNeece et al., 2017) . Thus, we found indications that those proteins might also be 636 involved in a defence response towards P. brassicae. 637 638
As a result of gall formation and a reduced number of fine roots, clubroot infected plants 639
face abiotic stress like lower water and nutrient supply. The differential expression of 640 ABA related genes (Fig. 4) are therefore likely a response to the abiotic stress in the 641 galls. Lower water supply could also be a consequence of reduced xylem production 642 (Malinowski et al., 2012) . 643
Conclusions 644
Clubroots and symptomless roots of the same P. brassicae infected plants showed very 645 different gene expression patterns. The differences in the plant hormone metabolism 646 might be responsible for the different outcomes in gall tissue and in symptomless roots 647
as is the increased cell wall stability in symptomless roots. These results highlight, that 648
interpreting clubroot transcriptomes or any other data originating from whole root 649 systems might result in a dilution of biologically relevant signatures. This clearly calls 650
for further studies analysing intra-and inter-tissue specific pattern of clubroot infected 651 plants. As genes involved in resistance responses to P. brassicae were up-regulated in 652 symptomless roots, this might aid the identification of novel traits for resistance 653 breeding. 654 655 656
